Advances in cancer therapy have offered great promise but only modest clinical benefits as monotherapies to date. Patients usually respond well to therapies targeted at specific mutations, but only for a short time. Conversely, immunotherapies help fewer patients, but increase survival. Combination therapies, which could offer the best of both worlds, are currently limited by substantial toxicity. While recent advances in genomics and proteomics have yielded an unprecedented depth of enabling datasets, it has also shifted the focus toward in silico predictions. Designing the next wave of multidimensional immunotherapies will require leveraging this knowledge while providing a renewed emphasis on tumor biology and vaccine design. This includes careful selection of tumor clinical stage in the context of preexisting tumor microenvironments, target antigen and technology platform selections to maximize their effect, and treatment staging. Here, we review strategies on how to approach an increasingly complex landscape of immunotherapeutic agents for use in combination therapies.
Current approaches leveraging oncology vaccines in combination therapies have shifted toward neoantigens with ambitious goals of targeting a large proportion of patients in several cancer types. In the process of integrating bioinformatic, genomic and proteomic tools, biology has increasingly taken a backseat to in silico predictions. Clinically validated tumor-associated antigen (TAA) targets have had diminishing interest due to their failures as monotherapies and are becoming undervalued as components of combination therapies. To successfully develop drugs in this space, there will need to be a more realistic set of treatment goals, combined with a renewed focus on the biology and staging of combination therapies.
To develop a new class of multidimensional therapies, the following factors need to be addressed. First, careful selection of the patient population, inclusive of the clinical stage of their cancers, need to be incorporated into treatment regimens to account for implications of tumor evolution on success rates. Next, patients may need to be preconditioned to create a more permissive environment for the de novo generation of tumor-specific responses. For vaccine-based approaches, selection of antigens taking into account multiple aspects of biology allowing for both therapeutic and prophylactic immunizations would be ideal. These must be delivered by technology platforms that generate the right magnitude, quality and balance of T cell and antibody responses. Finally, existing immunotherapeutic agents that help maintain de novo generated responses need to be leveraged to prevent either dysfunction or exhaustion. Importantly, these considerations should be integrated at the beginning of the design and testing of therapeutic regimens. In the next sections, we will address how to tackle each of these issues to generate more rational combinations. . Examples include activating mutations in KRAS, which would render activating mutations in EGFR dispensable. Targeting mutations in genes classically considered drivers, but at stages in which they are dispensable, will likely lead to rapid tumor editing.
Sterile inflammation, immunosuppressive cells & vasculature contribute to the tumor microenvironment

Sterile inflammation
Inflammation is a process that also shapes tumor evolution. Anti-tumor acute inflammation is a critical process for recognition and successful clearance of cancer cells. However, the focus of this review will be contributions from chronic inflammation (also referred to as sterile inflammation), which is a complex process that contributes to the development and progression of cancer [18] . Sterile inflammation often results in the production of reactive oxygen and nitrogen species, which play a role in driving mutagenesis in cells and potentiating oncogenesis [19, 20] . Similarly, some of the pro-inflammatory molecules induced during sterile inflammation will drive angiogenesis and metastases, in part by promoting the epithelial to mesenchymal transition [21] [22] [23] . This is especially critical because over 90% of cancer patient deaths are from metastases and not the primary tumor [24] . This type of sterile inflammation is, in large part, driven by senescent cells. Senescent cells represent an example of antagonistic pleiotropy: they protect the organism earlier in life, such as prevention of cancer and positive contributions to wound healing, but contribute to age-related pathologies and promote oncogenesis later in life [25] . While senescent cells are normally naturally cleared as they arise by inflammatory monocytes and T cells, organisms eventually fail to efficiently clear senescent cells as they age potentially due to an increase in the total number of these cells, a decrease in effective immune clearance, or a combination of both [26] . Cellular senescence is defined as the irreversible exit from the cell cycle, and as such these cells are not defined by a single marker, but rather by a constellation of different markers [27] . p16 INK4a is a hallmark of senescent cells [28, 29] , and progressive clearance of p16 INK4a -expressing cells throughout the life of mice significantly inhibits the formation of age-related pathologies [30] .
The molecular programs resulting from senescent cells is termed the senescence associated secretory program and can have pro-tumorigenic effects. This program drives a variety of pro-inflammatory, angiogenic molecules, including ones that have direct effect on cells, such as IL-6 and IL-8, as well as those that can induce senescence in neighboring cells via paracrine signaling, such as IL-1β [31] [32] [33] [34] . Targeting senescent cells or their mediators of sterile inflammation may prove to be a more effective method of controlling further oncogenesis and metastasis and creating a more immune-permissive environment in the tumor. In a recent clinical study, CANTOS, tested an IL-1β targeting monoclonal antibody (mAb), canakinumab, in patients with previous myocardial infarctions and high-sensitivity C-reactive protein levels of >2 mg/l. This study only showed modest benefits for its primary end points of reducing nonfatal myocardial infarction, nonfatal stroke or cardiovascular death [35] . Interestingly, the trial showed a reduction in cancer-associated mortalities, in particular lung cancer mortality, across different doses [35, 36] . While not the primary endpoint of the study, this is suggestive that targeting some sterile inflammation mediators may have a beneficial effect in oncology, especially in combination with other therapies that induce de novo T cells.
Immunosuppressive cell populations
The tumor microenvironment (TME) is a highly complex, immunosuppressive structure comprised of numerous cell types and soluble factors that effectively inhibit antitumor T-cell responses. TME development is key to allowing the tumor to grow and evolve. Cell types making up the TME include, myeloid derived suppressor cells (MDSCs), regulatory T cells (Tregs), invariant natural killer T cells, tolerogenic dendritic cells (DCs), type 2 neutrophils, suppressive B-cell populations and tumor-associated macrophages. For this section we will focus on two major populations, MDSCs and Tregs.
Immature myeloid populations usually migrate to the site of stress following infection or trauma in order to replenish local DC populations. At the tumor site, soluble factors associated with inflammation and angiogenesis lead to the aberrant differentiation of these immature myeloid cells into MDSCs. GM-CSF, G-CSF, TGF-β, TNF-α, VEGF, IL-1, IL-6 and IL-10 have all been shown to drive differentiation, survival and activation of MDSCs [37] [38] [39] . In addition, the hypoxic environment with increased concentrations of lactic acid and adenosine, have been shown to prevent maturation of antigen-presenting cells (APCs) and further drive MDSC differentiation [40, 41] . MDSCs are a heterogeneous population of suppressive myeloid cells and the markers differentiating each subset are complex and vary between mouse and humans [39] . To add further complexity, not all MDSC populations are immunosuppressive [42] . At a population level, MDSCs can orchestrate the formation of the immunosuppressive TME through cross-talk and recruitment of the various other immunosuppressive cell types mentioned above. Their effector function is driven by suppressive cytokines (IL-1 and IL-6), enzymes leading to suppressive metabolites (Arginase and IDO) and cell surface molecules (PD-L1/2) [38] .
Tregs present in the TME include both thymically derived and induced subsets. Accumulation of both of these Treg subsets in the TME occurs through migration and de novo development (mediated by IL-10 and TGF-β), both of which can be driven by MDSCs. Furthermore, numerous animal tumor models show that MDSCs support the function and activation of Tregs [43, 44] . Tregs mediate the suppression of anti-tumor T-cell responses by secreting immunosuppressive cytokines as well as contact-dependent suppression through cell surface molecules.
Preconditioning therapies, prior to vaccination should focus on targeting these populations. Evidence of the benefit to targeting MDSCs is shown by the use of sunitinib, a multi-targeted receptor tyrosine kinase inhibitor approved for use in renal cell carcinoma and gastrointestinal stromal cancers. Sunitinib has been shown to reduce the generation and activity of MDSCs and reduces Tregs in the TME [45, 46] . Many clinical trials are currently testing the effect of targeting MDSCs in combination with other immunotherapies by targeting their development, migration and effector function [47] . Depletion strategies will vary in efficacy depending on the type of MDSC targeted; for example, gemcitabine has been shown to preferentially target the non-suppressive CD33 -CD11b + CD14 -CD15 -MDSC populations [42] . Preclinical models have shown that targeting CTLA-4 and PD-1 pathways will inhibit the effector function of both MDSCs and Tregs [48] [49] [50] [51] . Similarly, therapeutics targeting the soluble factors that lead to the differentiation of MDSCs and Tregs as well as those involved in mediating their effector functions have shown benefit in preclinical studies [48] . Finally, Toll-like receptor (TLR) agonists (TLR 3, 7, 8 and 9) have been shown to diminish the suppressive activity of MDSCs [52] . Removal of MDSCs in particular, will be crucial in reversing the immunosuppression in the TME and establishing an environment to support the continued function of effector T cells and APCs within the tumor and draining lymph node (Figure 2 ).
Modifying tumor vasculature
Following successful generation of de novo anti-tumor T cells, specifically able to target stably-expressed tumor proteins, migration of these cells to the tumor mass is key to achieving tumor regression. Combination approaches will be necessary in preconditioning patients to allow for infiltration into the TME, as the tumor vasculature is often non-permissive to efficient migration [53] . Aberrant expression of VEGF promotes development of new vasculature to help oxygenate and deliver nutrients to a growing tumor [54] . However, this vasculature can provide a physical barrier preventing the infiltration of different types of immune cells [53] (as well as inducing T-cell exhaustion [55] and promoting the differentiation of, the previously discussed, immunosuppressive cell types in the TME). It can also hinder diffusion of therapeutic agents into the tumor environment, with larger molecules being more susceptible [53] . Anti-angiogenic therapies, often large or small molecules targeting the VEGF signaling pathway, have shown promise in normalizing the tumor vasculature [56] . To date, clinical trials involving antiangiogenic therapeutics in combination with vaccines are scarce and have reported mixed success [57] [58] [59] . Modeling combinations of anti-angiogenic drugs/mAbs and vaccines in small animals is difficult due to species-specific differences in drug/target interactions and immunogenicity of vaccine targets, which likely leads to clinical trials with suboptimal dosing and timing of the combination. As more clinical data is generated using vasculaturetargeting agents in combination with vaccines, our understanding of the timing and dosing of preconditioning regimens utilizing these therapeutics will improve. It is also possible that, in the context of a staged approach, these agents will not need to be co-administered, potentially simplifying dosing considerations.
Antigen selection for use in oncology vaccines
Ultimately, by targeting sterile inflammation, immunosuppressive cell populations and aberrant vasculature, we should be able to promote entrance and function of de novo T cells. In the next section, we will describe vaccine-based approaches to induce de novo T cells in oncology settings. Two major factors contribute to the immunogenicity and subsequent effectiveness of vaccine approaches. First, the quality of antigen encoded is critical for both inducing the desired type of CD8 or CD4 T cell as well as reducing the formation of inhibitory Tregs. Second, the antigen must be presented in an inflammatory context to drive a robust, durable and high-quality T-cell response that is more resistant to peripheral tolerance.
Targeting personalized neoantigens for vaccines
The discovery that cancer cells express, potentially immunogenic, mutated self-proteins has been known since the early 20 th century [60] . However, the technological advances in nucleic acid sequencing technologies in the last couple of decades has allowed cost-effective, large-scale sequencing of tumor cells, expanding the list of possible immunogenic neoantigen targets. This has reinvigorated interest in cancer vaccination because it is now possible to vaccinate against non-self antigens while producing no on-target autoimmune effects. This is a key benefit of this approach compared with TAAs, where on-target toxicity has been historically viewed as a hurdle for this approach. Clinical trials in melanoma and glioblastoma demonstrate proof-of-concept that anti-tumor T-cell priming is possible using neoantigen vaccines and when combined with checkpoint blockade inhibitors, complete clinical responses are achievable [61] [62] [63] [64] [65] .
Personalized neoantigen therapies have become increasingly popular in recent years and focus on in silico prediction methods integrating genomics and proteomics. These approaches have been reviewed here [66, 67] . The functional outcome of the popularity of this approach, is the field focusing on new methods of designing algorithms and improved integration of steps involved in the antigen processing pathways [68] . Alternatively, some have instead preferred more unbiased approaches [69] . Regardless of the approach, this has resulted in forced rank lists which, by definition, do not take the biology of targets into account and focuses mostly on passenger mutations. While some approaches also integrate shared neoantigens, candidates are selected based on drug developability and not future science group www.future-science.com
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Targeting stably expressed proteins
Both shared neoantigens and TAAs fall within the category of stably expressed proteins when controlled for a given clinical stage of a tumor. Shared neoantigens can be broadly separated into shared driver mutations and shared resistance mutations arising in response to therapies. In this first section, we will focus on potential shared neoantigen subsets as targets. We will then address how TAAs could add a complementary dimension to combination treatments.
Shared driver mutations
As monotherapies, clinical trials focusing on shared driver mutations have had mixed success and are thus difficult to interpret. The earliest trials have mainly focused on common hotspot mutations in the RAS oncogene as well as p53, EGFRvIII and more recently IDH1 across a range of malignancies [70] [71] [72] [73] [74] . These clinical trials are hard to collectively assess since multiple vaccine platforms have been used across a range of different patient populations, tumor types and stages. Most of the trials have avoided preselection of MHC genes in patient populations, meaning that enrollment of patients with HLA alleles capable of binding and presenting the shared epitope is down to luck. Furthermore, combination approaches with immune modulators have only recently become common in clinical trials, which makes comparisons to historical trials difficult (see below combination therapy section). An additional consideration is the timing of administration. As discussed previously, targeting driver mutations at the wrong clinical tumor stage makes them more susceptible to immunoediting, thus behaving more as a passenger mutation.
Our goal is to identify clinical stages where shared driver mutations have stable expression to enable both therapeutic and prophylactic vaccination. Patients within that clinical stage are excellent candidates for therapeutic vaccines, whereas patients at a high risk to develop certain shared driver mutations as their cancer progresses pose a unique treatment window that is currently underexploited. To identify such mutations, we can leverage large datasets of mutations that are publicly available, such as The Cancer Genome Atlas, that are rapidly expanding [75] . We can then pair this data with empirically determined compatibility with HLAs using assays involving patient samples. An example of this approach was recently described, using The Cancer Genome Atlas and COSMIC databases, to demonstrate a proof-of-concept using patient derived peripheral blood mononuclear cells [76] . The time taken to validate shared neoantigen candidates in these patients was 20 days, in comparison to the quickest reported personalized neoantigen clinical trial which reported a median time of 103 days [63] . This framework will help integrate data as it becomes available, and to better understand kinetic analysis of the tumor mutanome allowing for further refinement of combination approaches for eligible patients.
Shared resistance neoantigens
As mentioned above, the tumor is constantly evolving due to selective pressure from the environment and immune system and as such, vaccines targeting tumor mutations suffer from a possibility of antigen loss [77] . However, tumor evolution can be exploited for vaccination purposes if it is possible to predict the neoantigen before it arises. Following the advent of targeted therapies, frequently using small molecules to target driver mutations that confer a growth advantage to the tumor, patients that initially responded to these therapies would often relapse and become resistant [17, 78] . The tumor mutates in response to the therapeutic agent and acquires a compensatory mutation to bypass the selective pressure. Often these resistance mutations are found in the same residue among patients receiving the same therapy and, as the secondary mutation arose in response to a small molecule and not immune editing, there is a chance that this mutation may be immunogenic. The ability to predict these mutations that arise in multiple patients allows another unique opportunity to create a universal, prophylactic cancer vaccine.
Anti-estrogen therapy in breast cancer provides a good opportunity to vaccinate against a resistance mutation. 70% of breast cancer patients are treated with anti-estrogen therapies and 20% of patients with estrogen receptor positive, metastatic disease develop gain-of-function mutations in ESR1 [79] . Mutations arising in a hotspot region (commonly at residues D538 and Y537) of the ligand binding domain of ESR1 leads to constitutive activation of the receptor and resistance to anti-hormone therapy [80] . Immunization targeting multiple ESR1 mutations has shown efficacy in mouse models of breast cancer providing a basis for clinical translation [81] . ESR1 mutations, along with resistance mutations found in EGFR (following erlotinib/gefitinib treatment) as well as mutations leading to splice variants arising in the androgen receptor following anti-androgen treatment of prostate cancer, represent unique opportunities of shared neoantigens with predictable expression patterns that can be prophylactically vaccinated against. As more therapies (both vaccine and non-vaccine) targeting tumor mutations are used to treat patients, the list of predictable resistance mutations is likely to increase. Resistance mutations are an underappreciated source of shared neoantigens that, we predict, will form the basis of effective prophylactic vaccines in the future.
Targeting TAAs
The use of TAAs as vaccine targets is beginning to be phased out in favor of more immunogenic neoantigens based on the reasons described above. However, despite the limitations of TAAs as a sole target to build a vaccine around, a carefully selected group will have a use in cancer vaccines. A number of TAAs have shown promise in clinical trials by generating immune responses, if not resulting in complete clinical responses. As long as the TAA does not initiate an autoimmune response, there is no disadvantage for their inclusion in cancer vaccines targeting shared neoantigens.
Breast cancer is a disease that serves to exemplify the challenges facing TAA-based vaccines. HER2 is overexpressed in around 20-30% of breast cancer cases and clinical success has been achieved targeting this molecule with a number of immunotherapies, most notably the mAbs trastuzumab and pertuzumab. Preclinical vaccine data targeting HER2 reveals strong CD8 T-cell responses leading to the majority of vaccines being based around class I epitopes [82] . Peptide-based vaccines targeting a 9 amino acid long (9mer) MHC class I epitope (HLA-A2/A3 restricted), called E75, have been extensively studied in the clinic in addition to another short 9mer peptide vaccine, GP2 [83] [84] [85] . Short peptide, minimal epitope vaccines have struggled to elicit efficacious anti-tumor T-cell responses due to poor cross presentation, external loading on MHC of nonprofessional APCs and no induction of CD4 T-cell responses as opposed to synthetic long peptides [86] . Clinical data suggests that anti-HER2 CD4 T cells correlate with complete responses and as such, should be added to vaccine designs [87] . In addition to peptide-based vaccines, numerous other platforms have been used or are currently in clinical trials including DCs, DNA and viral vector-based platforms. Some of the viral vector-based platforms, reviewed in further detail below, have had more promising early stage clinical results [88] . Overall, most anti-HER2 vaccines have shown safety in early clinical trials and struggled to show efficacy in later stages. Frequently, studies have focused on metastatic patients, similar to early anti-HER2 mAbs trials, whereas the most positive clinical efficacy results have come from patients with resected disease [89] . HER2 is a good example of a TAA vaccine showing limited efficacy in clinical trials due to poor immunogen design and vaccine platforms. The presence of immunogenic CD8 epitopes, restricted to the common HLA-A2 allele, makes HER2 a valuable tool in cancer vaccine strategies. Combination of these epitopes, along with shared neoantigens such as, the previously discussed, ESR1 mutations, into newer platforms will likely produce an immunogenic vaccine. Combined with the large literature of HER2 vaccine clinical trials, a new vaccine targeted to certain patient populations will have a high chance of clinical success.
p16 INK4a is a tumor suppressor gene expressed in a variety of cancers including 90% of cervical cancers and 50% of head and neck cancers [90] . Mutations in p16 INK4a , as with many loss-of-function mutations, can be varied. p16 INK4a is also a hallmark of senescent cells, and removal of p16 INK4a -expressing cells is sufficient to prevent senescent-related phenotypes from arising [30] . Targeting p16 INK4a -expressing cells could help prevent tumors from metastasizing and reduce sterile inflammation creating a more immune-permissive environment around tumors. Recent Phase I/IIa vaccine trials both as a monotherapy and in combination with cisplatin-based chemotherapy with p16 INK4a peptides adjuvanted with ISA51 showed safety and tolerability, with most patients showing T-cell responses (mostly CD4) and antibody responses, despite the lack of HLA matching in the study (clinical trials NCT02526316 and NCT01462838). While these studies have yet to be progressed, this demonstrates the feasibility of including proteins that allow immune targeting of senescent cells in future cancer vaccines.
Trp53, or p53, is a master transcriptional regulator that functions as a tumor suppressor in normal cells and is mutated in around 50% of cancers [91] . Mutations in p53 are numerous and lead to loss-of-function which promotes cell cycle dysfunction and tumorigenesis [92] . Mutations lead to elevated expression of p53 protein levels thus establishing it as both a potential TAA and neoantigen target. Unfortunately, many of the mutations occurring in p53 often reduce the affinity to bind to common HLA class I alleles in comparison to the wild-type version [93] . This fact, combined with the observation of endogenous T-cell responses in many cancer patients against wild type p53, have led to many vaccines targeting p53 as a TAA rather than a neoantigen [94] . Numerous clinical trials have been reported using a variety of vaccine platforms (synthetic long peptides, DCs and viral vectors) and report a familiar story of induction of immune responses with weak clinical outcomes unless combined with immune modulating agents [95] [96] [97] [98] . Despite lack of clinical success so far, p53 is an attractive antigen to include in a vaccine due to its function as a driver gene. Similar to p16 INK4a , mutant p53 can influence the extracellular environment through metabolic remodeling, promoting inflammation and leading to the creation of the immunosuppressive TME [99, 100] . The inclusion of p53 in a polytopic vaccine can serve as an additional antigen target that has the benefit of being stably expressed at a high level and actively modeling the immunosuppressive TME.
Taken together, we can now start to assemble a picture on the rational design of treatments for certain subpopulations of patients. By way of example, breast cancer patients could have a vaccine with containing the following components. First, shared driver neoantigens such as mutations in PIK3CA could be included, which is commonly mutated in breast cancers and contributes to proliferation [101] . Next, HER2, which encourages the growth of cancerous cells could be included as a TAA if patients are HER2 + or are at risk to overexpress HER2 [88] . If patients are candidates for aromatase inhibitors, the vaccine could include ESR1 mutations [81] . Targeting ESR1, which confers resistance to aromatase inhibitors, could help extend their window of therapeutic effectiveness. Finally, p16 INK4a and p53 components to the vaccine could help reduce the likelihood of metastases. This would represent a vaccine that allows for nontoxic targeting of multiple pathways for inclusion in a combination therapy and helps reduce the potential for tumor escape.
Technologies to target antigens
Platforms impact the context in which the antigen is presented to the immune system through biodistribution and cell types expressing the antigen, local tissue microenvironments at the site of delivery, and cell-extrinsic and -intrinsic impacts on host cells expressing the proteins. There are a few major classes of modalities that are used for the purposes of cancer vaccines: cell-based, non-replicating technologies (DNA, conventional non-replicating mRNA, peptides) and virally derived vectors (single cycle particles, replication-competent particles and synthetic self-replicating RNAs). Cell-based methods for vaccination have been reviewed elsewhere [67] , and for the purposes of this review our focus will be on the use of non-replicating and virally derived vaccines in oncology.
Biodistribution & interaction with host cells
Biodistribution is primarily affected by the drug product itself, as well as the method and route of administration. For virally derived platforms, differential usage of host-cell receptors creates a natural tropism for vectors such as human adenoviruses, which impact biodistribution of the vaccine [102] [103] [104] [105] . For clinical RNA-based technologies, biophysical characteristics such as nitrogen-phosphate (N:P) ratio during formulation and PEG or cholesterol compositions can impact biodistribution, potentially encouraging differential levels of circulation [106] [107] [108] . For peptide-and nucleic acid-based technologies, formulations may have an impact on local depot effects, both inside and outside of cells affecting kinetics of cargo release. Furthermore, route of injection can impact the types of cells that can be directly transfected or transduced with the vaccine gene delivery vector. Intradermal injection routes are thought to heighten the probability of directly transfecting or transducing APCs, and skin-resident DCs may be superior at driving certain responses [109, 110] . Intramuscular injection would primarily involve delivering genes to myocytes, with tissue resident macrophages and DCs playing a prominent role as APCs [111, 112] . Similarly, subcutaneous injections would primarily deliver material to fibroblasts. In all of these cases, some percentage of the material likely makes its way directly to draining lymph nodes [113] . In contrast, intravenous injections are thought to deliver a large amount of the material to the lungs, spleen or liver, depending on the characteristics of the drug product [108] . However, studies tend to compare injection routes for the same vaccine modality. More studies would be required making direct comparisons between platforms using the same injection route to disentangle whether differences in immunogenicity are based on injection route or specific to modalities. For instance, this would help us to understand whether intradermal administration encourages superior immunogenicity for all vectors due to the composition of immune cells at the site of injection, or just enhance conventional non-replicating RNAs due to their lower ceiling of immunogenicity.
Once inside the host cell, there may be both cell-extrinsic and -intrinsic platform-specific effects impacting development of subsequent immunity. Differential abilities to activate host intracellular viral sensing mechanisms such as RIG-I, MDA5, TLRs, NODs, PKR, RNase L or 2 5 -OAS is directly dependent on the composition of the vector. Drug substance manufacturing steps, such as removing double-stranded RNA from conventional nonreplicating mRNAs, would be expected to result in poor induction and recognition by many of these pathways [114] . In contrast, self-replicating RNAs, which go through a double-stranded intermediate as part of the genomic amplification process, may strongly activate these pathways [115, 116] . Viral platforms often encode host cell innate immune evasion mechanisms in both their structural and nonstructural regions [117] . How these evasion mechanisms impact immunity in vaccine vectors is often poorly characterized and the subsequent effect on immunity in specific contexts (e.g., cancer versus acute viral infections) is rarely assessed. Collectively, these mechanisms are critical when designing combinations. Whereas combinations including immune modulators, such as TLR agonists, that induce type I interferons (IFNs) may be beneficial for RNA-based vaccines, excessive stimulation of IFN pathways may inhibit the response to both RNA-based vaccines and virally derived vectors [118] [119] [120] . Similarly, peptides have poor induction of innate immunity and usually rely on the presence of co-administered or conjugated adjuvants to bolster their immunogenicity [121] .
Cell-extrinsic effects from host-cell activation are driven by the induction of pro-inflammatory chemokines or cytokines induced directly by the technology, through the formulation, or a combination of both. Chemoattractants can alter how many APCs migrate to the local site of injection to pick up antigen [122, 123] . Furthermore, some chemokines and cytokines can affect the maturation of APCs and affect their molecular imprinting, which may bias downstream immune cell differentiation decisions [124] . Differential activation of host cells can also affect upregulation of costimulatory molecules, which further alters the quality of activation of APCs [125] . Virallyderived platforms have been shown to have strong induction of pro-inflammatory molecules [115, 116] , whereas nonreplicating modalities have typically relied on adjuvants or injection devices to help induce those pathways [121, 126] . Beyond cell-extrinsic effects, differences in cell-intrinsic effects should also be taken into consideration for different vaccine gene delivery platforms. Clonal expression of antigens can vary depending on the technology. Whereas antigen expression from conventional non-replicating mRNAs is proportional to the amount of copies directly delivered to a cell, virally derived RNAs that self-replicate (replicons) will have a higher level of protein expression and longer expression kinetics in each cell where it productively launches [127] . Additionally, activation of host cell innate immune activation can result in shutdown of host cellular translation via PKR or encourage degradation of mRNA through RNase L activation [115, 128] . Host-cell activation can also alter proteasomal processing, which may result in different epitopes being presented and is a potential source of bias for polytope approaches being currently utilized for neoantigen vaccines [129, 130] . Currently, it is unknown to what extent design of the gene cassette for polytopes will impact processing of individual epitopes.
Shaping of adaptive immune responses
Biodistribution, microenvironment at site of infection and alteration of the host cell all shape the downstream adaptive immune responses. In oncology, an increasingly used virally derived technology are single cycle, replicationdeficient adenoviruses derived from a variety of species, including human, chimpanzees and great apes (clinical trial NCT04041310) [131] [132] [133] . A common feature of these platforms is the capacity to induce a high quality and high magnitude of T-cell responses [131] . However, these vectors may also induce anti-vector immunity, which decreases the potency and feasibility of repeat dosing, a common feature of oncology vaccine regimens [134] . To circumvent this issue, there is an increased use of additional virally derived or non-replicating technologies in heterologous prime-boosts approaches, which may also bolster the quality and magnitude of both effector and memory responses. Both modified vaccinia ankara and synthetic alphavirus-based replicons encoding neoantigens are currently being evaluated in Phase I/IIa clinical trials in a personalized approach (clinical trials NCT04041310 and NCT03639714). This heterologous prime-boost vaccine regimen relies on a chimp adenovirus prime followed by multiple synthetic replicon-based boosts, or a great ape adenovirus prime followed by multiple modified vaccinia ankara boosts (clinical trials NCT04041310 and NCT03639714). There has been evidence in the infectious disease field that heterologous prime-boosts approaches yield increased T-cell responses in humans for Ebola and Malaria [135, 136] , but whether this translates to humans in oncology settings is still under investigation. Despite the improvement to immunological responses, a major drawback of heterologous prime-boost approaches is the high cost of goods and complexity of manufacturing to generate two completely different drug products.
Self-replicating RNAs have also been utilized in homologous prime boosts approaches in oncology. Viral replicon particle-based vaccines have had promising results in human Phase I/IIa clinical trials targeting CEA, PSMA and HER2 generating both antibody and T-cell responses [88, 137] . In addition to these clinical targets, the platform has also shown efficacy across a wide range of TAAs in preclinical small animal models [138] . Both clinical and preclinical studies have shown the ability for this type of platform to induce a high magnitude and quality of both MHC class I and class II responses, as well as generating high titers of antibodies [138] . Nevertheless, to date, no homologous prime-boost approach for either infectious disease or oncology has been used clinically for fully synthetic self-replicating RNAs. However, the low cost of goods, relatively simple manufacturing and the ability to encode multiple molecules useful in multidimensional therapies, make synthetic replicons an ideal platform for use in oncology.
The most commonly used platforms in oncology have been non-replicating technologies including DNA, peptides and conventional mRNA. Historically, DNA vaccines were chosen due to their ability to elicit robust CD8 + T-cell responses. However, DNA vectors suffer from difficulty of delivery and currently rely on electroporation technologies, which have their own challenges for achieving widespread consistency [139] . Additional considerations include fragility of devices, requirement for additional training to use and operator variability in the field. Additional concerns exist regarding whether DNA vaccines are able to induce sufficient levels of CD4 + T cells or antibody responses. Comparatively, DNA vaccines currently have a high cost of goods due to the poor scalability between small animals and humans often requiring multigram doses clinically to see an effect [140] .
RNA-based medicines previously suffered from a lack of stability and a predisposition for degradation limiting their clinical development [141] . These issues have largely been solved and non-replicating mRNAs have been in a variety of Phase I/IIa and Phase II trials for both neoantigens and TAAs. The Phase II clinical trials from Curevac testing the efficacy of CV9104 in prostate cancer were discontinued after failing to hit their primary endpoints (clinical trial NCT01817738), which could be partially attributed to a nonoptimized formulation. Clinical trials in neoantigens have multiplied in recent years and seem to rely on regimens that involve injections with short intervals (e.g., 1 week in some cases). These intervals would likely inhibit production of memory T cells and longer-term immunity [142] and are likely being chosen due to the poor immunogenicity of the platform. Reactogenicity and other adverse events are often seen at doses starting at 100 micrograms, largely due to the lipid particles, which may make higher doses more challenging from a safety perspective [143, 144] .
Peptides are the most heavily utilized non-replicating technology in oncology. Historically, attempts to generate peptide-based vaccines in infectious diseases have not resulted in any products. This may be because peptides on their own are weakly immunogenic and often fail to elicit sufficiently high antibody or T-cell responses to confer protection [145, 146] . Current approaches focus on adjuvants and DC delivery as ways to circumvent this issue, but have still been met with limited success [145, 146] . In fact, there are over 450 clinical trials utilizing peptides, with no approved commercial products to date [146] . The vast majority of these trials are in Phase I and Phase II for a variety of indications. Nevertheless, adjuvanted peptides have an excellent safety profile in humans and creating cGMP peptides is a straightforward and rapid path to generate proof-of-concept data in humans [146] . While generating peptides for a large population is feasible, generating peptides for personalized approaches may yet be challenging due to the costs and timing caused by current technological limitations for peptide synthesis [61] . Another complication is potential biasing of T-cell responses. In a recent unpublished Phase Ib clinical trial, NEO-PV-01 (synthetic long peptides adjuvanted in Hiltonol) combined with anti-PD-1 generated detectable CD4 responses from 42% of epitopes versus CD8 responses from 28% of epitopes in 11 patients. This confirms the Class II bias that has been previously thought to occur. This is especially notable since most prediction algorithms for personalized neoantigens are much more successful at predicting class I compared with class II epitopes, despite efforts to improve the algorithms [147] . While being a strong technology for obtaining proof-of-concept data about the immunogenicity of different antigens in humans, this technology as currently designed is less likely to be successful compared with virally derived approaches.
Treatment staging & designing the next wave of multidimensional therapies
Successful staging of agents in a combination regimen will be critical for achieving desired outcomes. Agents that precondition patients, induce de novo responses or sustain existing responses have had limited success as monotherapies. The major focus to date has been on immunotherapies that sustain existing responses (such as anti-PD1 therapy) or induce de novo responses (anti-CTLA-4 therapy and vaccine-based approaches). However, we believe this is backward. Without a sufficient focus on first preconditioning patients, these approaches are less likely to succeed. An instructive example of staging comes from chronic hepatitis B infection. Recent clinical trials from Replicor (Montreal, Quebec) have shown that nucleic acid polymers reducing immunosuppressive HBsAg, followed by PEG-IFN treatment promotes seroconversion and ALT flares, which are indicative of T-cell responses. Treatment with PEG-IFN or nucleic acid polymers alone do not have this effect, showing the importance of combinations that reduce an immunosuppressive microenvironment prior to immune-inducing therapies. While T-cell dysfunction and exhaustion within the TME may arise from a different set of factors, this nevertheless provides an encouraging demonstration of the concept. To this end, we will outline examples of how preconditioning, de novo immune induction and maintenance of existing responses can be combined (Figure 2) .
Preconditioning
For successful vaccination in established tumors, we must first counter the immunosuppressive TME to prevent dysfunction and exhaustion of new immune cell entrants ( Figure 2) . The extent to which this immunosuppression can be reversed, and the number and type of therapies used, will depend on disease stage. These combinations could focus on remodeling vasculature to promote entrance to the tumor, disrupting paracrine signaling networks driving sterile inflammation, and direct therapeutic targeting of immunosuppressive cells. As mentioned previously, both anti-VEGF and anti-IL-1 antibodies have shown encouraging results in restoring vasculature, inhibiting immunosuppressive cells and potentially reducing metastases deriving from sterile inflammation respectively. Recently, VEGF was reported to drive T-cell exhaustion in colorectal cancer and blocking this pathway restored the anti-tumor function of T cells [55] . Additionally, IL-1 receptor antagonist is being used in rheumatoid arthritis [148] and anti-IL-6 [149] has been approved, while anti-IL-8 (clinical trial NCT02536469) antibodies are in clinical trials. Each of these make for attractive candidates to test in preconditioning regimens. Furthermore, recent clinical trials are focusing on targeting the development, migration and effector function of immunosuppressive cells in the TME [48] . Targeting many of the soluble factors that promote sterile inflammation, angiogenesis, Treg differentiation and cell surface inhibitory molecules has shown promise in preclinical models and in patients. Similar to the role of preconditioning chemotherapy regimens prior to adoptive cell therapies, reversing the TME suppressive environment will create a more permissive niche for the expansion of newly primed anti-tumor T cells, which could then be supported later with another round of anti-exhaustion checkpoint inhibitors (CPIs). Finally, dosing of many of these agents will need to be determined experimentally in patients with disease as many of these therapies have differential effects depending on dose. For example, low doses of cyclophosphamide will preferentially deplete Tregs rather than effector T cells due to differential intracellular levels of ATP [150] .
Generation of de novo responses or reawakening existing responses
The goal of therapeutic tumor vaccination is to generate anti-tumor T-cell responses which can be achieved in two ways; de novo priming of naive T cells or reawakening of existing anti-tumor T cells. With this in mind, and by tailoring combinations specifically to each vaccine platform, we can narrow the list of combinations to those most likely to achieve synergy. Priming de novo T-cell responses against the tumor is important for multiple reasons. First, the evolution of the tumor mutanome over time means that antigens that primed the initial immune response may be unimportant for tumor rejection following immune editing and therefore, vaccine intervention will redirect the T-cell response to more relevant antigens. Second, recent evidence suggests that very few T cells in the TME express a tumor-reactive T-cell receptor and therefore priming a new wave of naive T cells to attack the tumor is an important goal of vaccination [151] . To this end, targeting early checkpoints, such as CTLA-4, will be important. CTLA-4 antagonists have been shown to preferentially induce expansion of naive T cells and broaden the T-cell receptor repertoire of cancer patients in comparison to PD-1 antagonists [152] [153] [154] .
To achieve optimal priming, a vaccine will be most successful when combined with an immune modulating agent that affects the interaction between the T cell and APC, specifically DCs ( Figure 2 ). As our knowledge of DC biology grows, we can exploit our understanding of the DC subsets that most efficiently cross-present antigen to CD8 T cells to enhance vaccination efficacy. Combinations of vaccines with immune modulating agents that induce differentiation or increase homing of cross-presenting DCs to the site of the immunogen will be crucial. BATF3-dependent type I conventional DCs (cDC1) have been shown to be an efficient cross-presenting population [155, 156] . Transgenic expression of the chemokine XCL1 and Flt3 ligand in preclinical tumor models has shown recruitment of cDC1 and increased tumor efficacy through CD8 cross-priming [157] . Flt3 ligand is currently undergoing clinical evaluation in a number of trials combined with different vaccine modalities (clinical trials NCT02129075 and NCT00019396). When using PAMP/DAMP agonists, such as TLR ligands, to induce maturation of DCs as a combinatorial approach with vaccination, it is important to consider that cDC1 in humans mainly express TLR3 [158] . Similarly, it is important to consider the mechanism of action (MOA) of the vaccine platform when combining APC modulating agents to minimize redundancy. Viral-based vaccine platforms will trigger TLR and nucleic acid sensing pathways, so combination of these with TLR agonists or nucleic acid sensing agonists (e.g., STING) is likely to be redundant at best and detrimental at worst. Overproduction of type I IFN in response to the viral vaccine plus PAMP/DAMP agonist can lead to exhaustion of T cells [159, 160] . Overall, considering the synergy between the biology of APC subsets and the vaccine platform MOA will yield the most effective combinations (Figure 2) .
Maintaining or reawakening responses by preventing dysfunction & exhaustion
Finally, once we have preconditioned the tumor and de novo generated or reawakened T cells, we must then shield them from subsequent dysfunction or exhaustion ( Figure 2 ). Following successful priming and migration into the TME, the second major area for combination therapies is to reawaken effector T-cell responses within the tumor mass. Typically, a PD-1 pathway blockade has been used to reverse exhaustion of T cells in late stage disease and this is an attractive target to combine with cancer vaccines in both early and late stage settings. Clinical data are limited using PD-1 blockade and vaccines, but early signs are encouraging. Synergy has been shown in studies vaccinating against TAA, shared driver mutations and HPV antigens with a range of vaccine platforms [161] [162] [163] [164] . A recent study highlights an important consideration when combining CPIs with vaccines; administering anti-PD-1 blockade during priming has a detrimental effect and induces T-cell exhaustion [165] . Each immune modulating agent and each vaccine platform will exhibit unique kinetics and a deep understanding of the MOA of each of these will be required to design optimal combinatorial therapies.
As more research is conducted into the T-cell biology explaining the anti-tumor response to anti-PD-1 therapy (and all CPI in general), it reveals other pathways that may be exploited in combinatorial vaccine regimens. As an example, a series of literature has been published recently describing the expansion of PD-1 + TCF1 + CXCR5 + CD8 T cells in response to PD-1 blockade [166] [167] [168] . A recent study has expanded on this finding to show that the PD-1 + TCF1 + population that responds can be expanded using IL-27 [169] . In doing so, it is possible to expand the CD8 memory pool that has stem-like properties. Vaccination in combination with anti-PD-1 may benefit from IL-27 addition in the future to reawaken the exhausted CD8 population. This timing aligns with the therapeutic window for anti-PD-1 therapies [165] .
Preventing T-cell exhaustion is not limited to anti-PD-1 therapy. Antibodies against common exhaustion markers Tim-3, Lag-3, TIGIT and VISTA have shown preclinical success in tumor models [170] [171] [172] and are all in clinical development [173] . Each pathway is differentially expressed on tumor types and alters T-cell biology in a distinct manner or timing, as a result the new generation of CPIs will have distinct MOAs that synergize differently with vaccine platforms and tumor types/stages ( Figure 2 ).
Future perspective
Success of multidimensional therapies will require careful selection of tumor clinical stage, antigen selection and platforms which maximize their effect, and both treatment dose and staging. These challenges in optimizing successful combinations are not trivial and will differ depending on the type of cancer and target population. Initial target populations are likely to be smaller than those targeted by catch-all personalized neoantigen approaches but are likelier to succeed. However, modeling these approaches in animals is unlikely to fully determine the exact regimen required for success in humans due to differences in activity of both the vaccine and the immune modulator in non-human species. Clinical trials will provide the best experimental environment to optimize each combination. As such, specific combinations that are likely to synergize should be first determined by the MOA of each individual therapy to limit the size and number of such trials. Nevertheless, with an increasing number of therapeutics becoming approved every year, there is an encouraging path for creating more effective multidimensional therapies.
Executive summary
In this review, we present the following insights on how to create multidimensional immunotherapies in oncology through improved integration of tumor biology and vaccine design:
• We can improve our immunotherapy approaches by rationally targeting tumor clinical stages that incorporate underlying stage-specific tumor biology. • Patients may require preconditioning prior to immunotherapy to account for the impact of sterile inflammation, immunosuppressive cells and vasculature on the tumor microenvironment. • For combinations incorporating vaccines, antigen selection permitting both off-the-shelf therapeutic and prophylactic immunizations would be ideal. • Cancer vaccine antigens must be encoded in the right platform to elicit the optimal magnitude, quality, balance and durability of immune responses. • Treatment staging, or the sequence in which combination agents are administered, needs to be rationally driven by the biology. • Future perspectives on how we must practically approach the next generation of combination therapies. future science group www.future-science.com
